Fluorine-and oxygen-rich compounds are promising as energetic materials for composite propellants, explosives, and pyrotechnics. As an effective and timesaving tool for screening the structures of potential energetic compounds, computer simulation has been widely used to predict the detonation or physicochemical properties of energetic molecules with relatively high precision. In this study, twelve series of dinitromethyl, fluorodinitromethyl, and (difluoroamino)dinitromethyl derivatives of triazole and tetrazole were designed by C-or N-functionalization. Their properties, including density, heat of formation, and detonation properties, were evaluated extensively using volume-based thermodynamic design strategy of constructing nitrogen-rich molecular skeletons with highly dense substituents and highly positive heats of formation by C-or N-functionalization is a valuable approach for developing novel high-energy-density materials with excellent performance.
Introduction
High-energy-density materials (HEDMs) react very rapidly upon initiation to release large amounts of energy, which makes them suitable for a number of civil and industrial applications.
1,2
Obvious challenges in the development of HEDMs include the search for materials with higher performance, better safety, and improved environmental compatibility. In general, a useful HEDM exhibits the following properties: (a) high detonation performance; (b) acceptable sensitivity toward external stimuli; (c) thermal stability to $150 C; (d) stability upon storage for long periods of time; and (e) ease and safety of synthesis.
3,4
Therefore, novel HEDMs that are nitrogen-rich and have high density, favorable stability, and good environmental compatibility are highly sought aer. From the viewpoint of molecular structure, energetic compounds are composed of organic skeletons and energetic groups. As the basis of energetic compounds, organic skeletons are the source of heat and gases, and provide sites for the introduction of energetic groups. The explosion process of energetic compounds can be regard as a complicated oxidation-reduction reaction. In detonation, the energy release manifests itself in the form of high pressures and shock waves, the organic skeletons produce heat and gases by oxidation reaction. Therefore, organic skeleton is the fuel (the reducing agents) in the molecule of energetic compound while the energetic groups are the oxidizers and a good skeleton is of paramount importance for the synthesis of new energetic compounds. The modication of organic skeletons with energetic groups, such as NO 2 , can further increase the overall nitrogen content, density. The incorporation of NH 2 almost always desensitizes but also dramatically increases the heats of formation of high-nitrogen compounds, while N 3 groups almost always lowers the thermal stability. According to numerous previous studies, the enhancement or reduction of detonation properties are the result of synergistic effect between organic skeletons and energetic groups. 5, 6 For the combination of different organic skeletons and energetic groups, a certain degree is benecial to enhance detonation properties (energy level). However, in some cases, it may get the opposite result. Therefore, it depends on the specic situation.
Recently, high density nitrogen-rich compounds have received widespread attention as a new type of energetic material. 3, [7] [8] [9] The molecular skeletons of nitrogen-rich compounds are mainly composed of nitrogen-based heterocyclic rings, such as triazine, 10 tetrazine, 11 triazole, 12,13 tetrazole, 14, 15 and other heterocycles. 16, 17 High nitrogen content compounds have a large number of N-N and C-N bonds and therefore exhibit large positive heats of formation (HOF). These compounds oen show remarkable insensitivity toward electrostatic discharge, friction, and impact. Nitrogen-rich compounds are quite different from classical explosives molecules (such as TNT, RDX, and HMX). They derive most of their energy from their high positive HOF while the latter gain their energy from oxidation of the carbon backbone. Such transformations are accompanied with an enormous energy release due to the wide difference in the average bond energies of N-N (160 kJ mol À1 )
and N]N (418 kJ mol
À1
) compared to that of N^N (954 kJ mol À1 ). Based on the structural characteristics of nitrogen-rich compounds, there are two aspects to consider during modication. First, an organic molecule with a high positive HOF and nitrogen content should be chosen as a skeleton, for example, 1,2,4-triazole, 1,2,3-triazole, and tetrazole (109, 272, and 237 kJ mol À1 , respectively). Second, dense energetic substituents, such as multi-nitro functional groups, should be introduced at a limited number of modication positions. In the process of seeking more powerful and energetic functional groups, dinitromethyl [-CH(NO 2 ) 2 ] is of particular interest because this group has relatively high density, satisfactory oxygen content, and promising detonation properties. 18 Introducing the -CH(NO 2 ) 2 group into heterocyclic compounds has been demonstrated as an efficient way of constructing HEDMs. In addition to the nitro groups supplying additional oxygen atoms and energy, the -CH(NO 2 ) 2 group has a greater stabilizing inuence than the -C(NO 2 ) 3 group owing to hydrogen-bond interactions. 19 Furthermore, it has been found that partially uorinated nitro groups exhibit potential for applications in the eld of energetic materials. [19] [20] [21] [22] [23] Molecules in which the uorodinitromethyl moiety [-CF(NO 2 ) 2 ] is attached via a carbon atom to an aliphatic, aromatic, or heterocyclic skeleton have been revealed to have useful energetic properties and stabilities. 22, [24] [25] [26] Notably, the incorporation of the (diuor-oamino)dinitromethyl moiety [-C(NF 2 )(NO 2 ) 2 ] is another effective tool for constructing energetic compounds, as it provides a high energy content while maintaining a high density and acceptable thermal and processing properties. 27 In view of these ndings, it is observed that the multi-nitro functional groups have a great development from simple to complex (Scheme 1). In recent years, although the synthesis of some CH(NO 2 ) 2 -, CF(NO 2 ) 2 -, and C(NF 2 )(NO 2 ) 2 -based compounds has been reported, the number of compounds is not sufficient to determine general rules and characteristics. Moreover, as less attention has been paid to compounds bearing a -CF(NO 2 ) 2 or -C(NF 2 )(NO 2 ) 2 moiety at a mono-heterocyclic nitrogen atom, the design or synthesis of new energetic compounds based on triazole or tetrazole skeletons with -CF(NO 2 ) 2 or -C(NF 2 )(NO 2 ) 2 groups is rare. In addition, there is a lack of comprehensive understanding of the structure-property relationships for -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , and -C(NF 2 )(NO 2 ) 2 derivatives.
From a synthetic perspective, compounds bearing -CF(NO 2 ) 2 moieties are typically prepared from -C(NO 2 ) 2 salts by electrophilic uorination. Generally, powerful gaseous reagents, such as FClO 3 (ref. 27) 34 of nitroalkane anions was a key factor in advancing the emerging eld of synthetic uorine chemistry. Most uorinating agents are highly toxic with high vapor pressures, which can cause irreparable harm to experimenters. Therefore, it is necessary to predict their performance in advance. Fortunately, modern theoretical studies based on quantum chemical treatments have gained acceptance as a useful research tool for screening HEDM candidates, thereby avoiding expensive and dangerous experimental tests. Such studies can provide an understanding of the relationships between molecular structures and properties, which in turn can be used to design better and more efficient laboratory tests.
35-38
It is worth reminding that the expected high toxicity of uoro nitromethyl derivatives the results are not really relevant to the energetic properties. Therefore, it is of great signicance to investigate the energetic properties of uoro nitromethyl derivatives.
Based on the above considerations, in this work, twelve series of triazole or tetrazole derivatives were designed by replacing hydrogen atoms on triazole or tetrazole with one or two -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 group via C-or Nfunctionalization (Scheme 2). Density functional theory and volume-based thermodynamics calculations were employed to predict and evaluate the properties of these compounds, including density (r), HOF, stability, and detonation properties. The structure-activity relationships between the organic skeletons and the energetic functional groups were also studied systematically. It is expected that our results will provide useful information for the molecular design of novel HEDMs.
Computational methods
The calculations were performed with the Gaussian 09 package.
39 DFT-B3LYP methods with the 6-311G++(d,p) basis set were adopted to optimize the molecular structures and predict the HOFs. Previous studies have shown that the 6-311G++(d,p) basis set is able to precisely predict the molecular structures and energies of energetic organic compounds. 40 Normal-mode
The development history of multi-nitro functional groups.
analysis for each structure gave true local energy minima on the potential energy surfaces with no imaginary frequencies. Numerous studies have shown that the HOFs theoretically predicted via isodesmic reactions are in good agreement with the experimental values for many organic systems. [41] [42] [43] Isodesmic reaction processes, in which the number of each kind of formal bond is invariable for the reactants and products, are designed to decrease the calculation errors for HOFs.
44,45
For an isodesmic reaction, the heat of reaction DH 298 K at 298 K can be calculated using the following equation:
where DH f,p and DH f,R are the HOFs of the products and reactants at 298 K, respectively. If an experimental HOF was unavailable, additional calculations were carried out for the atomization reaction
at the G2 level to obtain the HOF. 46 Following that, the HOF at 298 K was calculated as:
where DE 0 is the change in total energy between the products and the reactants at 0 K; DZPE is the difference between the zero-point energies (ZPEs) of the products and the reactants at 0 K; and DH T is thermal correction from 0 to 298 K. The D(PV) value is the PV work term and is equal to DnRT for the reaction of an ideal gas. For the isodesmic reactions examined here, Dn ¼ 0, so D(PV) ¼ 0. As most energetic compounds have a solid condensed phase, calculation of the detonation properties requires the solid-phase HOF (DH f,solid ). 47 According to Hess's law of constant heat summation, 48 the gas-phase HOF (DH f,gas ) and heat of sublimation (DH sub ) can be used to evaluate the solid-phase HOF:
According to Politzer et al., 47, 49 the heat of sublimation can be computed from the corresponding molecular surface area and electrostatic interaction index (vs tot 2 ) for energetic compounds.
The empirical expression for this approach is:
where A is the surface area of the 0.001 electrons bohr À3 isosurface of electronic density of the molecule, n describes the degree of balance between positive and negative potential on the isosurface, and ns tot 2 is a measure of the variability of the electrostatic potential on the molecular surface. 51, 52 In this study, the surface area, the degree of balance between the positive and negative surface potentials, and the variability of the electrostatic potential were calculated using the Multiwfn program.
53
For each -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , and -C(NF 2 )(NO 2 ) 2 derivative of triazole and tetrazole, the theoretical density was initially determined from the molecular weight (M) divided by V 0.001 , where V 0.001 is dened as the volume inside the 0.001 electrons bohr À3 density contour, which was obtained by Monte Carlo integration using the Multiwfn program. By introducing the interaction index vs tot 2 , the density of an energetic compound can be corrected according to the following equation:
where the coefficients b 1 , b 2 , and b 3 are 1.0462, 0.0021, and À0.1586, respectively.
55
The bond dissociation energy (BDE) can provide useful information for understanding the stability of a molecule. Generally, the smaller the energy for breaking a bond is, the weaker the bond is, making it easier for the bond to act as a trigger bond. For many organic molecules, the terms "bond dissociation energy" (BDE) and "bond dissociation enthalpy" oen appear interchangeably in the literature.
56
At 0 K, the homolytic BDE is given as:
The BDE with a ZPE correction can be calculated using the following equation:
where DE ZPE is the difference between the ZPEs of the products and the reactants.
Impact sensitivity (h 50 ) is oen used to judge whether high energy density compounds are sensitive or insensitive to external impact. A series of empirical methods have been proposed to predict the sensitivity of these materials approximately. Specically, Politzer and coworkers developed a method using crystal volume factors to predict impact sensitivities of high energy density compounds which give acceptable accuracy. 57 The impact sensitivity (h 50 ) can be predicted by the equation:
where s + 2 is indicator of the strengths and variabilities of the positive surface potentials and v is the degree of balance between positive potential and negative potential on the isosurface. The coefficients a, b, and g are À0.0064, 241.42, and À3.43, respectively.
41
Energetic properties, such as the detonation pressure (P) and detonation velocity (D), were calculated from the HOF and the calculated r using the EXPLO5 v6.01 program.
58
The optimizations were performed without any symmetry restrictions using the default convergence criteria in the program. All of the optimized structures were characterized as true local energy minima on the potential energy surface without imaginary frequencies.
Results and discussion

Structural design and molecular geometry
This study was aimed at the molecular design and prediction of properties for novel HEDMs. Based on previous experiments and calculations, the r and oxygen balance (OB) of 1,2,4-triazole, 1,2,3-triazole, and tetrazole are not satisfactory (1.15, 1.19, and 1.48 g cm À3 ; and À1.27%, À1.27%, and À0.68%, 2 groups into the molecular skeletons has been demonstrated as an efficient way to construct HEDMs without incurring an excessive performance penalty, as nitro groups not only supply additional oxygen atoms, but also have a stabilizing inuence. Therefore, starting with 1,2,4-triazole, 1,2,3-triazole, and tetrazole as initial skeletons, the structural design of a series of new uorine-and oxygen-rich molecules with monocyclic structures was investigated. In the rst design strategy, a hydrogen atom in 1,2,4-triazole, 1,2,3-triazole, or tetrazole was replaced with one -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 group to form new energetic molecules (Nfunctionalization: A1-A3 and E1-E3, C-functionalization: I1-I3). In the second phase, a nitro group was introduced with the goal of ensuring that the resultant new molecules had high energy densities (C-functionalization: B1-B3 and F1-F3, Nfunctionalization: J1-J3). In the third phase, to further enhance the energy level, two nitro groups were introduced by C-functionalization, while a -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 group was introduced by N-functionalization (C1-C3 and G1-G3). Considering that the tetrazole molecule has only two sites that can be modied, we reversed the positions of the nitro group and the -CH(NO 2 ) 2 , -CF(NO 2 ) 2 or -C(NF 2 )(NO 2 ) 2 group to examine the inuence of different positions (K1-K3). In the nal stage, two -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 groups were introduced by Cfunctionalization to form new disubstituted molecules without nitro groups (D1-D3 and H1-H3). In series L, we investigated the inuence of simultaneously introducing the same substituents by C-and N-functionalization.
The geometric structures of all compounds were optimized based on the true local energy minima on the potential energy surface without imaginary frequencies. Analyzing the molecular orbitals of a molecule provides valuable information on its electronic structure. Therefore, the molecular electrostatic potential (ESP), highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, and the energy gap (DE LUMO-HOMO ) were obtained for each compound. To help understand the stereo structures of the -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , and -C(NF 2 )(NO 2 ) 2 derivatives of triazole and tetrazole, the optimized structures of A1-L3 are shown in Fig. 1 . The surface analyses of A1-L3 are summarized in the ESI. †
The ESP on the molecular surface not only provides meaningful insight into charge distribution and intermolecular interactions, but also has an important relationship with impact sensitivity. Positive regions and higher intensities of electropositive potential surfaces are related to higher impact sensitivities. 59 A quantitative molecular surface analysis was performed using the Multiwfn program, 60 and the extreme value points of the ESP on the molecular surface are plotted in Fig. 2 . The surface local minima and maxima are shown as blue and red points, respectively, and only the global minima and maxima are labeled. Overall, the surface maxima are present near hydrogen atoms on the triazole or tetrazole ring, whereas the surface minima are present near -NO 2 , -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 groups, which may be the primary electrophilic sites. Clearly, all these compounds have relatively average negative potentials and positive potentials, which might result in better stability. Table 1 lists the HOMO, LUMO, and DE LUMO-HOMO for the -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , and -C(NF 2 )(NO 2 ) 2 derivatives of triazole and tetrazole. DE LUMO-HOMO is an important parameter that can be used to evaluate the reactivity in chemical or photochemical processes that involve electron transfer or leap. It can be seen clearly that the replacement of a hydrogen atom with a -F or -NF 2 group leads to a slight decrease in the HOMO relative to that observed for the corresponding CH(NO 2 ) 2 -substituted compound. A similar trend is observed for the LUMO energy levels of these derivatives. For series B, F, and I, the CF(NO 2 ) 2 -substituted derivatives have a lower DE LUMO-HOMO values than the CH(NO 2 ) 2 -substituted derivatives. In contrast, in the other series, the CF(NO 2 ) 2 -substituted derivatives have higher DE LUMO-HOMO values than the CH(NO 2 ) 2 -substituted derivatives. It is interesting to note that the C(NF 2 )(NO 2 ) 2 -substituted derivatives of series C, H, and I have higher DE LUMO-HOMO values than the CH(NO 2 ) 2 -substituted derivatives, whereas the other series show the opposite trend. A2, C2, C3, E2, B2, H3, I3, K2, and L2 have higher energy gaps than CH(NO 2 ) 2 -substituted 1,2,4-triazole, 1,2,3-triazole, or tetrazole, indicating a shi toward higher frequencies in their electronic absorption spectra. However, the other CF(NO 2 ) 2 -or C(NF 2 )(NO 2 ) 2 -substituted derivatives have lower energy gaps than the corresponding CH(NO 2 ) 2 -substituted derivatives, reecting a shi toward lower frequencies in their electronic absorption spectra. Among these derivatives, A2 has the highest DE LUMO-HOMO value, whereas B3 has the smallest. Overall, different substituted molecules present a comparison of the energetics.
Stability
BDEs can provide useful information for understanding the stability of a molecule. 56 Generally, a smaller BDE corresponds to a weaker bond, which makes it easier for the bond to function as a trigger bond. To investigate the thermal stabilities of the compounds of interest, the C-NO 2 bond in the -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 functional groups were considered to be the weakest bond. The BDEs of the C-NO 2 bonds are listed in Table 2 .
As is evident in Table 2 , in the same compound series, the BDE of the C-NO 2 bonds in -CF(NO 2 ) 2 is higher than that in -CH(NO 2 ) 2 . Therefore, it can be deduced that substitution of the -CF(NO 2 ) 2 group is very useful for increasing the thermal stabilities of 1,2,4-triazole, 1,2,3-triazole, and tetrazole. The -C(NF 2 )(NO 2 ) 2 group is also observed to increase the thermal stability in some series, namely, E, F, and I. Notably, the C-NO 2 bonds in functional groups with C-linkages have higher BDEs than those in the corresponding groups with N-linkages (e.g., J1 vs. K1, J2 vs. K2, and J3 vs. K3). Moreover, in series L, which contain both C-and N-linked functional groups, the C-NO 2 bonds in functional groups with C-linkages have higher BDEs than those in groups with N-linkages (BDE L1C > BDE L1N , BDE L2C > BDE L2N , and BDE L2C > BDE L2N ). Overall, all of the examined . Based on these results, it is necessary to study other physical and chemical properties of these compounds.
Density
Density (r) is a very important physical property of any energetic material. In general, a high density causes better performance.
22
For example, the D of an explosive is proportional to its r, and the P is proportional to the square of its r. For an energetic material, a high r means that more energy per unit volume can be packed into a volume-limited space, thereby yielding the maximum violent explosion. Here, the densities of the molecules were dened as the molecular weight divided by the average molecular volume and then corrected using the interaction index vs tot 2 . The molecular volumes, uncorrected densities, and corrected densities are listed in Table 3 . 
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The r for the designed compounds were found to be in the range of 1.66 (A1 and E1) to 2.04 g cm À3 (H3 than compounds B1 (1.81 g cm À3 ) and A1 (1.66 g cm À3 ), which contain three and two nitro groups, respectively. However, for similar skeletons that contain the same number of nitro groups (e.g., C1 vs. D1, C2 vs. D2, and C3 vs. D3), the introduction of two -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 groups via Cfunctionalization leads to a slight decrease in the density of the latter compounds. For example, C1 has a density of 1.86 g cm À3 , whereas the density of D1 is only 1.76 g cm
À3
. In addition, for tetrazole-based compounds, the simultaneous introduction of two -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 via C-and N-functionalization leads to a slight increase in density relative to that of compounds with only C-or Nfunctionalization (L1 vs. J1 or K1, L2 vs. J2 or K2, and L3 vs. J3 or K3). For example, compound L3, which contains two -C(NF 2 )(NO 2 ) 2 groups via simultaneous C-and Nfunctionalization, has a higher density (2.02 g cm À3 ) than compounds J3 (1.96 g cm À3 ; C-functionalization) and K3
(1.98 g cm À3 ; N-functionalization).
This nding illustrates that the incorporation of highly dense groups into high-density skeletons via C-or Nfunctionalization is an effective strategy for obtaining higher density compounds. Overall, compounds C3 (2.01 g cm À3 ), D3 
Heat of formation
The solid-phase HOF (DH f,solid ) is an important property for predicting the detonation properties of energetic materials. Therefore, to estimate the detonation velocity and pressure of an explosive molecule through theoretical calculations, the DH f,solid value must be obtained. Here, we investigated the effects of different substituents on the gas-phase HOF (DH f,gas ) and DH f,solid of 1,2,4-triazole, 1,2,3-triazole, and tetrazole derivatives. To obtain more accurate calculation results, the basic ring skeleton of the parent compound was kept invariable during the designed isodesmic reactions. The isodesmic reactions used to obtain DH f,gas for the investigated compounds are as follows (Scheme 3): Table 4 lists the total energies (E 0 ), ZPEs, thermal corrections (H T ), and DH f,gas for the reference compounds in the isodesmic reactions. The DH f,gas value of each compound was calculated from the atomization reaction at the G2 level. Table 5 summarizes the calculated DH f,solid values and the parameters related to the ESPs of all the designed compounds, including E 0 , ZPE, H T , DH f,gas , molecular surface area (A), degree of balance between negative and positive potentials (n), square of the variability in the ESP (s tot 2 ), heat of sublimation (DH sub ), and DH f,gas .
It has been found that the presence of -CF(NO 2 ) 2 group is not benecial for obtaining energetic molecules with highly positive HOFs. 22, 63 Clearly, the replacement of a hydrogen atom with a -F group leads to a greater decrease in DH f,solid than that observed for the corresponding CH(NO 2 ) 2 -substituted compounds. Overall, although the new CF(NO 2 ) 2 -substituted compounds exhibit relatively high densities (>1.77 g cm À3 ), their HOFs were not highly positive, indicating that the -CF(NO 2 ) 2 group has both positive and negative effects on the properties, i.e., high densities are obtained, but the HOFs are not highly positive. By contrast, the -C(NF 2 )(NO 2 ) 2 group has a positive effect on DH f,solid . For example, compound L3 has a much higher DH f,solid h DH: 2H-1,2,3-triazole. ). These large positive HOFs mainly result from synergy between the strain inherent to the tetrazole skeleton and the substituent group effect.
Predicted detonation performance
Generally, higher the OBs correspond to larger detonation velocities and pressures. A positive OB is signicant for explosive molecules, which can be used as oxidizers. However, too much oxygen is not favorable for improving the explosive performance of energetic compounds, as additional oxygen will produce O 2 , which consumes a considerable amount of energy during the explosion of energetic materials. Thus, the ideal OB is equal to zero. In this work, the OB values of CHFNO compounds (molecular formula C a H b F c N d O e ) were calculated as follows:
64 Most compounds exhibited positive OB values (2.56-17.77%), whereas some energetic molecules had negative OB values (from À32.35 to À7.34%), mainly due to relatively higher carbon and hydrogen contents. As shown in Table 6 , substitution with -CF(NO 2 ) 2 and -C(NF 2 )(NO 2 ) 2 is helpful for improving the OB values of the designed compounds. This nding suggests that the incorporation of more -NO 2 groups into a molecule substantially improves the HOF and the OB, eventually resulting in higher exothermicities for combustion and detonation processes. In particular, the OB values of B2, I2, and F2 are equal to zero, which indicates that they combust completely without releasing toxic gases, such as carbon monoxide, during decomposition.
D and P are two important performance parameters for an energetic material. Based on the calculated HOFs and the measured r, the detonation properties of A1-L3 were determined using the EXPLO5 (v 6.01) program, as summarized in Table 6 alongside a comparison with common explosives. As shown in Table 6 , the calculated detonation velocities are in the range of 8022.1-8978.8 m s À1 , which are remarkably higher than that of TNT (6881 m s
À1
). Among these compounds, B3 has (39.6 GPa) . As the number of substituents increases in the A and D series, the D and P values of the 1,2,4-triazole derivatives increase. This observation indicates that substitution with -CF(NO 2 ) 2 and -C(NF 2 )(NO 2 ) 2 group is useful for increasing the densities and detonation properties of 1,2,4-triazole derivatives. For the J and K series, the detonation properties are different when the position of the substituent in the tetrazole ring is changed. Moreover, in the L series, some of the derivatives with two -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 groups via simultaneous C-and N-linkages have lower energy levels than the corresponding derivatives with one -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 group via a C-or N-linkage. This nding reveals that simultaneous C-and N-functionalization does not necessarily enhance detonation performance.
Impact sensitivity
In addition to the energy properties (e.g., r, D, and P), the sensitivity of high explosives is also an important subject of keen interest to researchers in the eld of energetic materials. Impact sensitivity (h 50 ) is oen used to judge whether energetic compounds are sensitive or insensitive to external impact. Therefore, the impact sensitivities of the designed energetic compounds were also studied by using such a calculation equation for h 50 values and the structure sensitivity relationships were analyzed. From Table 7 , it can be seen that with the exception of C1 and C2, the other compounds exhibit relatively acceptable impact sensitivities with h 50 values ranging from 12.06 to 44.65 cm, which are comparable with that of RDX (26 cm) and HMX (32 cm). It is obvious that the compounds that contain more nitro groups show the higher impact sensitivities. Among them, C1 and C2 display very high impact sensitivity (the h 50 value is 6.00 and 6.44 cm, respectively), mainly due to its completely nitrated structure and the absence of hydrogen bonding interactions in the molecule. In contrast, CF(NO 2 ) 2 - Table 6 Predicted oxygen balance (OB), detonation velocities (D) and detonation pressures (P) for the title compounds substituted B2 show the lowest sensitivity to impact, that is, 44.65 cm for h 50 . Clearly, replacement of a hydrogen atom with a -F or -NF 2 group leads to a slightly decrease in impact sensitivity than that observed for the corresponding CH(NO 2 ) 2 -substituted compounds. Therefore, the impact sensitivities of the compounds decrease as a function of the substituent, according to C(NF 2 )(NO 2 ) 2 > CF(NO 2 ) 2 > CH(NO 2 ) 2 .
Potential HEDM candidates
As a function of the substituent, the OB and r of each series of compounds decreases according to C(NF 2 )(NO 2 ) 2 > CF(NO 2 ) 2 > CH(NO 2 ) 2 . However, in terms of the detonation properties, the trends observed as a function of the substituent for some series of compounds were not satisfactory. As shown in Fig. 3 , the values of D and P increase according to C(NF 2 )(NO 2 ) 2 < CF(NO 2 ) 2 < CH(NO 2 ) 2 for series C, and CF(NO 2 ) 2 < C(NF 2 )(NO 2 ) 2 < CH(NO 2 ) 2 for series G. As shown in Scheme 1, the compounds in series C and G have similar molecular structures and the same molecular weights. In these compounds, two nitro groups were introduced by C-functionalization, whereas one -CH(NO 2 ) 2 , -CF(NO 2 ) 2 , or -C(NF 2 )(NO 2 ) 2 group was introduced by Nfunctionalization. Using this way of combination, the energy level cannot be enhanced. These results are worth exploring in future studies. In contrast, for series J and K, the values of D and P rst decrease sharply and then increase slightly, indicating that a synergistic effect between a nitro group and -CF(NO 2 ) 2 or -C(NF 2 )(NO 2 ) 2 cannot enhance the energy levels of molecules based on tetrazole. Therefore, this result is contrary to previous assumptions. Furthermore, the trend observed for series L indicates that the simultaneous introduction of two of the same substituent by C-and N-functionalization also cannot enhance detonation properties. This behavior may result from unbalanced molecular symmetry. According to the above results, these series of compounds are not recommended for synthesis in subsequent studies. It is well known that a good nitrogen-rich HEDM candidate should have not only excellent detonation properties but also good stability. On this basis, only B3, F3, H3, and I3 are expected to have good detonation performance (D and P), higher stability (BDE) and lower sensitivity (h 50 ) similar to those of RDX and HMX. Therefore, B3, F3, H3, and I3 may be considered as potential HEDM candidates with improved stability and performance. In addition, compounds A2, 63 B1, 18 and K1 18 have been successfully synthesized. The calculated value (density, detonation velocity and detonation pressure) is slightly lower than the experimental value, but within acceptable limits (Table 8) . However, the syntheses of other energetic compounds examined in this study have not yet been reported. Thus, further investigations are still needed.
Conclusion
In summary, we systematically investigated the molecular structures, electronic structures, gas-phase and solid-phase HOFs, energetic properties, and thermal stabilities of three series of CH(NO 2 ) 2 -, CF(NO 2 ) 2 -, and C(NF 2 )(NO 2 ) 2 -substituted triazole and tetrazole derivatives. As a function of the substituent, the densities of each series of 1,2,4-triazole, 1,2,3-triazole, and tetrazole-based compounds decreased according to -C(NF 2 )(NO 2 ) 2 > -CF(NO 2 ) 2 > -CH(NO 2 ) 2 . This trend indicates that the introduction of highly dense -F or -NF 2 groups is a very effective method for increasing the densities of energetic molecules. The introduction of -CF(NO 2 ) 2 groups in these materials was both advantageous, as the densities were increased, and disadvantageous, as highly positive HOFs were not obtained. In addition, substitution with a -CF(NO 2 ) 2 group was very useful for increasing the thermal stability of 1,2,4-triazole, 1,2,3-triazole, and tetrazole derivatives. In terms of detonation properties, B3, F3, H3, and I3 displayed excellent integrated performance, with higher r ($1.95 g cm À3 ), OB ($2.97%), D (>8900 m s À1 ), and P values (>40.0 GPa) than RDX.
Thus, these compounds are promising HEDM candidates. In addition, our design strategy, involving the use of C-or Nfunctionalization to construct nitrogen-rich molecular skeletons with highly dense substituents and highly positive HOFs, is a valuable approach for developing novel HEDMs with excellent performance and stability.
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